We fabricated a 12-fold symmetric quasiperiodic photonic crystal (QPC) into a GaInAsP slab, and obtained a lasing action in a single-defect nanocavity and a defect-free area at room temperature. Four defect modes observed by a lithographic tuning were clearly explained by finite-difference time-domain calculation. The lowest threshold was obtained for the quadrupole mode, which has a small modal volume of 0.58 times the cubic wavelength in the cavity, by the fine-tuning of adjacent airholes to the defect. The lasing in the defect-free area was also suggested to be due to the localization of two-dimensional Bragg modes at the photonic gap edge. Because of its high structural flexibility, the QPC nanocavity has the potential of becoming a good alternative to the PC nanocavity.
Introduction
The photonic crystal (PC) has a periodic structure with a translational symmetry and exhibits a photonic band gap (PBG). It enables us to form a nanocavity with an ultrasmall modal volume and ultrahigh Q by only introducing a point defect. [1] [2] [3] [4] Such a nanocavity in an emitting material such as III-V semiconductors achieves efficient electron-photon interaction, i.e., enhancement in spontaneous emission rate (Purcell effect) under the weak-coupling regime and vacuum Rabi splitting under the strong-coupling regime. [4] [5] [6] [7] Even without point defects, lasing also occurs in the PC due to the distributed feedback of light at a photonic band edge. [8] [9] [10] [11] On the other hand, the quasiperiodic photonic crystal (QPC) does not have a translational symmetry but high-order rotational and line symmetries (self-symmetry). [12] [13] [14] It does not maintain Bloch waves, as in PCs, so the photonic band and Brillouin zone cannot be defined. However, Bragg conditions can be defined by reciprocal points, and photonic gaps such as PBGs occur. Therefore, lasing operation with a variety of modes is expected. 15) In our previous study, we observed the lasing of a whispering gallery mode in a seven-hole-missing defect fabricated into a 12-fold symmetric QPC slab, and also observed that of a two-dimensional (2-D) Bragg diffraction mode in its defect-free area. 16) Recently, Lee et al. have reported lasing in a single-defect cavity in a similar QPC slab. 17) However, they limited their design to a relatively small lattice constant ranging from 350 to 400 nm to focus on the lasing action by the hexapole mode, although such small lattice constants are difficult to fabricate. In this study, we show that not only the hexapole mode but also various localized and Bragg modes appear as lasing modes for larger lattice constants.
In the next section, we explain the fabrication process of the device. Then, in §3, we present the lasing characteristics of the single-defect nanolaser and its spectral shift by lithographic tuning. In §4, we show the frequency characteristics of defect modes, and the correspondence between the experiment and finite-difference time-domain (FDTD) calculation. We also discuss the threshold characteristics that are dependent on some structural parameters. In §5, we discuss the frequency characteristics and the modal fields of the Bragg modes observed in the defect-free area.
Device Fabrication
We prepared a 1.55 mm GaInAsP/InP epitaxial wafer with a slab active layer consisting of five quaternary compressively strained quantum wells (CS-QWs) and separateconfinement heterostructure layers. In addition to the CSQWs, the active layer included 1.2 mm quaternary (Q) barrier layers of 10 nm thickness, and 1.2, 1.15, and 1.1 Q separateconfinement heterostructure layers, each of which was 30 nm in thickness. Thus, the total thickness of the active layer was 240 nm. Airholes in the QPC lattice were formed in the slab by e-beam lithography and HI/Xe inductively coupled plasma (ICP) etching, 18, 19) and the airbridge structure was formed by HCl selective wet etching. Because the HI gas allows etching at 70
C, e-beam resist can be directly used as an etching mask. It simplifies and improves the PC pattern, compared with the metal or dielectric mask process. In the ICP etching using RIE-200ip (Samco), we set the HI/ Xe flow rates, gas pressure, ICP power and bias power to be 0.2/0.1 sccm, 0.28 Pa, 100 W, and 300 W, respectively. Figure 1 shows the top view of the fabricated device and the lattice structure of the 12-fold symmetric QPC composed of tiled square and equilateral triangular unit cells based on the Stampfli inflation rule. For the single-defect nanocavity, the lattice constant a and the normalized airhole diameter 2r=a were designed to be 480 -600 nm and 0.50 -0.75, respectively. These parameters generate a photonic gap at 1:55 mm for the in-plane polarization. Also, the radius of the innermost airholes r 0 was reduced to 0:7r-1:0r to improve the modal Q factor. Defect-free devices were also fabricated with a ¼ 440 { 580 nm and 2r=a ¼ 0:53 { 0:67.
Defect-Mode Lasing
For the measurement, each device was photopumped at room temperature by 0.98 mm pulsed laser light with a duty ratio of 0.075% and a focused spot diameter of 3:5 mm. Emitted light was detected by a multimode fiber whose tip was placed 100 mm from the device and inclined 30 to the substrate plane, and then analyzed by an optical spectrum analyzer. The lasing action was observed in many samples of the single-defect nanocavity with a ¼ 480 { 600 nm, when the pump light was overlapped with the defect. Figure 2 (a) shows the lasing characteristics showing the lowest threshold. Due to the restriction of the measurement system used, it was difficult to clearly evaluate the subthreshold data. However, the lasing was confirmed from the clear singlemode spectrum above the threshold. The threshold pump power was estimated to be 0.5 mW from the above-threshold slope. This value is almost the same as that for a singledefect nanocavity in a triangular-lattice PC fabricated and measured in the same way. The lasing frequency shifts as 2r 0 =a changes. Figure 2(b) shows the spectral shift due to wider lithographic tuning of a and 2r 0 =a. As 2r 0 =a increases against the constant a, the cavity length decreases and hence, the mode peak blue-shifts. Although each spectrum shows single-mode lasing, the continuity of the spectral shift reveals that four different lasing modes appear in the lithographic tuning. Figure 3 (a) shows a summary of the normalized frequency a= of four different modes in the single-defect nanocavity as a function of 2r 0 =a. The frequencies of the four modes are clearly separated, and linearly blue-shifted with 2r 0 =a. In order to specify these modes, we performed the 3-D FDTD calculation, in which the cavity structure observed by high-resolution scanning electron microscopy was precisely modeled. Here, a cubic Yee cell of side 20 nm, a slab index n of 3.4 and 13 rows of airholes around the cavity were assumed. The calculated results are shown by thick dashed lines in Fig. 3(a) . They are in good agreement with the experimental plots for four modes. Figure 3(b) shows the jH z j 2 distribution (square magnetic field normal to the slab), normalized frequency a=, Q factor and mode volume V m , which were calculated for 2r=a ¼ 0:70 and 2r 0 =a ¼ 0:55. They are the quadrupole mode, Bragg-like modes 1 and 2, and dipole mode, respectively. The quadrupole and dipole modes are almost confined inside the defect. On the other hand, the Bragg-like modes 1 and 2 are localized outside of the defect. We consider that the localization is caused by the offspring lattice of the QPC, as shown by the thick solid line in Fig. 1(b) . Similar discussion can be made for the parent lattice later.
The calculated Q factors of these modes were mainly determined by the out-of-plane loss to be 400 -1300. We think that such low values were caused by the calculation model. Because the QPC model has no translational symmetry, its lattice constant can be disordered by the Yee cell of the FDTD calculation, which results in excess scattering loss. In addition, the total size of the model is limited, whereas the field penetration depth into the QPC is twice as long as that into the PC. Therefore, the field can reach the edge of the QPC slab, resulting in additional scattering loss. In the experiment, the Q factor may be higher, because the disordering in the lattice constant is smaller and the device size is threefold larger than the calculation model. The mode volume V m was calculated using the definition shown in ref. 1 . In contrast to the large V m of the Bragg-like modes, the quadrupole mode and the dipole mode have very small V m , which is almost the same as that in a triangular-lattice PC single-defect nanocavity, even though with the long penetration depth of the field.
Threshold Characteristics
Figure 4(a) shows a summary of the thresholds of the four modes as functions of 2r 0 =a for single-defect cavities. The grouping circle for each mode indicates that the threshold for the quadrupole mode is low overall, and that the lowest value of 0.5 mW was obtained by this mode. Furthermore, the effective power contributing to the lasing of this mode is lower than this value and much lower that for the Bragg-like modes, because the overlap efficiency of the quadrupole mode with the pump light is estimated to be only 20% due to the small modal volume. This result is qualitatively in agreement with the theoretical Q factor shown in Fig. 3(b) . Also, it is observed for all modes that lower threshold values are obtained for smaller 2r 0 =a. One possible explanation for this is the structural dependence of the Q factor. We performed the 3-D FDTD calculation on this dependence and noticed that the Q factor takes its maximum value at 2r 0 =a 0:4. This is in good agreement with the result shown in Fig. 4(a) . However, we cannot simply conclude that the low threshold values are only attributed to the improvement of the Q factor. If the Q factor is sufficiently high, then it will not be a crucial factor in determining the threshold, because other optical losses caused by the absorption and disordering become dominant. Also, carrier loss by the diffusion and surface recombination are other factors that mask the effect of the values of the Q factor. 20) A smaller 2r 0 =a is also effective for reducing the surface recombination around the cavity. Therefore, this also explains the result shown in Fig. 4(a) . Figure 4 (b) shows a summary of the thresholds of the quadrupole mode and the dipole mode as functions of lasing wavelength. Regardless of the gain spectrum peak of the wafer at ¼ 1:55 mm, both modes show lower thresholds at longer wavelengths. We consider that this is caused by the strain relaxation effect in compressively strained quantum wells of the QPC slab, which results in the redshift of the gain spectrum. 21) In addition, the built-in potential by the strain relaxation can accelerate the carrier flow from the defect center to the airhole edge and enhance the surface recombination. This further supports the explanation of the lower threshold by the smaller 2r 0 =a, because it suppresses strain relaxation and surface recombination.
Defect-free Bragg Mode Lasing
Similar lasing was observed for defect-free devices using the same photopumping. One unique characteristic we observed is that the lasing occurred whenever the pump light was altered by 7 -8 mm. We consider that this is related to the degree of localization of the lasing mode and the overlap efficiency with the pump spot. Figure 5 (a) shows a summary of a= for the lasing modes observed as functions of 2r=a. Here, three different modes were observed. Similar to the single-defect nanocavity, the frequencies of these modes are clearly separated and linearly blue-shifted with 2r=a. Gray areas shown in Fig. 5(a) indicate photonic gaps calculated by 3-D FDTD. All the modes were formed at the edge of the photonic gap, so they are 2-D Bragg diffraction modes. modes show some degree of localization. Similar to the discussion for Bragg-like modes 1 and 2 in the single-defect nanocavity, the localizations of these modes are considered to be prescribed by the parent lattice, as shown by the thick dashed line in Fig. 1(b) . In the experiment, the size of the parent lattice was 7 mm in diameter. It is a reasonable size which explains that the lasing was repeatedly observed by moving the pump light.
Conclusion
We fabricated a 12-fold symmetric QPC nanolaser into a GaInAsP quantum-well slab, and obtained a lasing action in the single-defect nanocavity and in the defect-free area at room temperature. The FDTD calculation explained the defect mode and Bragg-like mode in the single defect. The lowest threshold was 0.5 mW for the quadrupole mode, even though this mode has a relatively high normalized frequency of approximately 0.38, at which the light cone circle is very large in the k space. We also observed a threshold reduction by tuning the innermost airholes for the quadrupole mode and dipole mode. This might be due to the simultaneous suppression of the out-of-plane modal loss and the surface recombination. The lasing in the defect-free area was also explained by the localized 2-D Bragg mode at the photonic gap edge by the FDTD calculation. These results show that the lasing performance and the modal volume in the defect and the defect-free area are comparable to those of PC nanolasers. Therefore, the QPC nanocavity may be a good alternative to the PC nanocavity in future applications. 
